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Master slags with and without the addition of Na2O were synthesized. The addition of Na2O was to 
examine its effect on the fluxing and reduction conditions. The slag-forming compounds were divided and 
mixed into 100 ml alumina crucibles (99.7% purity Al2O3, Coorstek, USA). 

A muffle furnace (Carbolite RHF 16/3) was used to equilibrate the master slag. The crucible was placed 
in the furnace at room temperature and heated to 1400 °C at a rate of 10 °C/min in an air atmosphere. After 
reaching the target temperature, it was maintained constant for 6 hours. The furnace was then cooled down to 
1300 °C, after which the crucible was taken out and quenched in an ice water bath. The crucible and slag were 
dried at 105 °C overnight. The synthesized master slag was crushed into granules of about 2 mm in diameter 
using a jaw crusher (Retsch BB51). 

 

3.3 Doping and Reduction Experiments 
 
The doping and reduction of the slags were done consecutively. The master slag was mixed with the 

doping reagents in 225 ml Al2O3 crucibles according to the composition in Table I. The total weight of the 
mixed slag was 200 g.  

 

Table I. The chemical composition of the studied slags in wt%. 

Sample SiO2 Fe2O3 Al2O3 CaO Na2O Cu2O NiO PbO SnO2 

FCSA 11.9 20.4 2.2 1.8 0.0 7.9 6.3 21.5 27.9 

NA 9.7 16.7 2.4 2.0 5.5 7.9 6.3 21.5 27.9 

 
To protect the crucible, it was placed inside of a larger 600 ml Al2O3 crucible, which was put inside of 

a graphite sleeve in an induction furnace (Plustherm TNX 40) at room temperature. The larger protection 
crucible was only used in the first experiment; in the following experiments, the crucible with the charge was 
put directly inside the graphite sleeve. The temperature of the slag and the furnace were measured with 
thermocouples. The reduction experiment design is shown in Table SIII. The charge was heated to 1450 °C at 
5 °C/min in an air atmosphere. The atmosphere was controlled by a gas flow of 0.5 l/min of air inside the 
crucible on top of the charge.  

The liquidus temperature of the slag was tested by prodding the surface with a steel rod. When the slag 
reached 1450 °C, it was held at that temperature for 1 h. After the holding time, the gas was switched to inert 
N2 gas and the Al2O3 gas-feeding tube outlet was brought down inside the molten slag to create bubbling. The 
coke was then added on top of the molten slag by using a glass tube, through which the coke was fed on top of 
the charge. The bubbling was continued for 30 min, after which the gas outlet was brought above the surface 
again to maintain an inert N2 atmosphere. The temperature was held for 1 h after the bubbling. The furnace 
was then turned off, and the sample was let to cool down slowly to room temperature. 

 

3.4 Separation and Characterization 
 
The crucible was broken up, and the slag was separated manually from the metal phase using a small 

hammer in a protected atmosphere. To control the proportion of the slag and metals, considerably large mass 
of sample was taken. Then, the samples of the metal and slag phases were taken and milled into a fine powder 
in a swing mill (Outokumpu Oy). 

The samples were then analyzed with inductively coupled plasma optical emission spectroscopy (ICP-
OES) to detect Cu, Ni, Fe, Al, Ca, Na, Pb and Sn (iCap 7600 Duo). Samples were also taken of the unreacted 
coke left on the surface. The samples were dissolved with a 4-acid dissolution and a flux melt dissolution. In 
the 4-acid dissolution nitric acid (HNO3), hydrochloric acid (HCl), hydrofluoric acid (HF) and perchloric acid 
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Fig.  3. High temperature phases vs partial pressure of oxygen at 1400 °C. 

 

4.2 Results of the Doping and Reduction Experiments 
 

4.2.1 Metal Phase Composition 
 
Figs. 4 and 5 show the composition of the metal phases of the samples as a function of the copper 

amount in the slag phase. Tin is the major component with about 45 wt% of the total composition of the metal 
phase. The degree of reduction is indicated by the distribution of copper between the slag and metallic phase. 
The low amount of copper present in the slag phase (< 0.5 %) shows that the condition was highly reductive.  

 

 
Fig.  4. Composition of the metal phase as a function of the copper in the FCSA slag phase. 
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Fig. 5. Composition of the metal phase as a function of the copper in the NA slag phase. 

 

4.2.2 Distribution of Metals in the Metal and Slag Phases 
 
The percentage distributions of selected metals (0-100 wt%) in the metal and slag phases were 

calculated and are presented in Table II. In the table, the samples are classified based on the amount of mixed 
coke for the reduction as follows: FCSA 1 (200g slag and 20g coke), FCSA 2 (200g slag and 25g coke), FCSA 
3 (200g slag and 35g coke), FCSA 4 (200g slag and 30g coke), NA 1 (200g slag and 20g coke), NA 2 (200g 
slag and 25g coke), NA 3 (200g slag and 30g coke), and NA 4 (200g slag and 35g coke). 

 
Table II.  The percentage distribution of elements between the metal and slag phases (wt%). 

 
 Cu  Ni  Sn  Pb  Fe 

Sample  Metal Slag  Metal Slag  Metal Slag  Metal Slag  Metal Slag 

FCSA 1  99.5 0.5  99.9 0.1  93.2 6.8  95.6 4.4  7.9 92.1 

FCSA 2  99.1 0.9  99.5 0.5  97.4 2.7  96.6 3.4  28.5 71.5 

FCSA 4  98.6 1.4  99.2 0.8  96.0 4.0  95.7 4.3  18.7 81.3 

FCSA 3  98.3 1.8  98.6 1.4  95.7 4.3  94.6 5.4  24.5 75.5 

                NA 1  97.7 2.3  89.4 10.6  94.0 6.0  97.3 2.7  13.1 86.9 

NA 2  97.7 2.3  87.2 12.8  94.7 5.3  97.4 2.6  13.3 86.7 

NA 3  98.5 1.5  92.6 7.4  96.1 3.9  97.5 2.6  21.7 78.3 

NA 4  94.1 5.9  78.9 21.1  91.6 8.4  80.4 19.6  20.4 79.6 

 
Both copper and nickel were distributed heavily into the metal phase in the FCSA slag system. In the 

NA slag, copper was distributed slightly less into the metal phase and nickel was distributed up to 20% into 
the slag phase.  














